INTRODUCTION
There is increasing evidence that ionizing radiationinduced apoptosis in normal cells and tissues is mediated in part through alteration of the redox balance, leading to oxidative stress-induced injury (1) (2) (3) (4) (5) (6) (7) (8) (9) . Ionizing radiation induces rapid production of radical oxygen species (ROS) within cells, including the formation of superoxide, hydroxyl and nitric oxide radicals (1) .
Three forms of superoxide dismutase convert superoxide to hydrogen peroxide. These include two copper/ zinc metalloenzymes found in the cytoplasm and extracellularly, respectively, and a manganese metalloenzyme localized to the mitochondria by a 22-amino acid mitochondrial targeting sequence (8, 9) . Hydrogen peroxide also contributes to oxidative stress and is inactivated by catalase and glutathione peroxidase (7) . In addition to the antioxidant enzyme system (including superoxide dismutases, catalase and glutathione peroxidase), cellular antioxidant stores, including thiols and glutathione, contribute to the neutralization of ROS and maintain the cellular redox balance (6) . Mitochondrially localized manganese superoxide dismutase converts radiation-induced superoxide to hydrogen peroxide, which is then converted to water and oxygen by catalase or glutathione peroxidase. Increased concentrations of mitochondrially targeted MnSOD have been demonstrated to be radioprotective for hematopoietic and epithelial cells in vitro and in vivo; however, toxicity of the hydrogen peroxide product may limit radioprotection.
Recent evidence indicates that irradiated cells and tissues continue to generate ROS for prolonged periods after irradiation (10) (11) (12) . The distal steps in the cellular injury response after the production of ROS include production of inflammatory cytokines and pro-apoptosis signal transduction cascades that then induce both extracellular and intracellular mechanisms of apoptosis (13) (14) (15) (16) (17) (18) . Strategies that can push the redox balance within irradiated cells toward a state of enhanced antioxidant stores can facilitate cellular and tissue repair and thus ameliorate radiation damage in vitro and in vivo (10) (11) (12) 19) .
One approach to increasing the antioxidant capacity of cells and tissues has been organ-specific gene therapy, including increased production of manganese superoxide dismutase (20) (21) (22) (23) (24) . Previous studies have shown that mitochondrial localization of SOD is associated with radiation resistance of cells in vitro and protection of specific organs in vivo, including lung (21) , esophagus (20) , oral cavity (22, 23) , and bladder (24) . The incomplete radiation protection afforded by the elevation of MnSOD alone suggested that the hydrogen peroxide product of the action of SOD may have continued to contribute to radiation-induced cellular damage (11) . Recently, a mitochondrially targeted transgene for catalase, which contains the mitochondrial targeting sequence obtained from the MnSOD transgene, has been developed (7) . In the present studies, we tested the effect of overexpression of the mitochondrially targeted catalase compared to the native catalase transgene using plasmid liposome transfer to cells in vitro and by intratracheal administration to the lung in vivo. We sought to determine whether mitochondrial targeting of the transgene product catalase enhanced its radioprotective effect, as is the case for MnSOD. The results demonstrate a significant radiation protective capacity of mitochondrially targeted catalase in vitro and in vivo.
MATERIALS AND METHODS

Cells and Cell Culture
32D cl 3, an IL-3-dependent hematopoietic progenitor cell line, has been described previously (6) . Cells were grown in WEHI-3 cell conditioned medium as a source of IL-3 at 37uC in a 93% air/7% CO 2 incubator in McCoy's 5A medium supplemented with 15% fetal bovine serum, Penicillin and streptomycin and were passaged weekly (6) . Subclones of 32D cl 3 overexpressing transgenes for MnSOD (2C6) and mitochondrially targeted catalase (32D-mt-Cat) and catalase (32D-Cat) and subclones of 2C6 overexpressing each catalase transgene (2C6-m-Cat and 2C6-Cat) were cloned by co-transfection with a G418 (neo-resistance) plasmid with a 200-fold excess of each pCat or Cat transgene (6) . Clones were selected by undergoing expansion in 50 mM G418 and demonstrated by RT-PCR to contain the mt-Cat or Cat transgene. Colonies were selected according to published methods (6) .
Radiation Survival Curves
32D cl 3 cells and their transgene-expressing subclones were irradiated with 137 Cs c rays using a J. L. Shepherd Mark IV irradiator at a dose rate of 80 cGy/min and were transferred immediately to medium containing 0.8% methylcellulose at densities of 500, 1000 or 5000 cells per ml. Cells were grown in 10% WEHI-3 cell conditioned medium as a source of IL-3, and colonies with more than 50 cells were scored at day 7 according to published methods (2, 6) . Triplicate experiments were performed (6) . Data points were fitted to curves using the single-hit, multitarget and linear-quadratic models as described previously (6) .
Measurement of Mitochondrial Membrane Polarity
As an indication of mitochondrial stability in transfected pools of cells and in clonal cell lines, mitochondrial membrane depolarization was determined by JC-1 fluorescence relative to complete membrane collapse using 10 mM carbonyl cyanide 3-cholorphenylhydraxone (CCCP) (Invitrogen, Carlsbad, CA). Cells (,1 3 10 6 ) were irradiated with 10 Gy and at various times after irradiation were incubated with 2 mM JC-1 at 37uC for 10 min, then washed with PBS and resuspended in 2 ml phosphate-buffered saline (PBS) for fluorescence measurements using a Shimadzu RF-5301PC. The ratio of 590 nm to 535 nm fluorescence emission (using 485 nm excitation) was performed on three or four samples in three separate experiments. The data were combined, and standard errors and P values (using Student's t test) were obtained using KaleidaGraph (Synergy Software, Reading, PA).
Assays for Catalase, Superoxide Dismutase, Glutathione Peroxidase and Glutathione
Western blot analysis for catalase protein production was carried out according to published procedures (18) and was standardized by densitometry to the housekeeping gene product Actin according to published methods (18) . Biochemical catalase activity was quantified by using a Catalase Assay Kit (EMD Chemicals, La Jolla, CA).
The assays for glutathione peroxide (GPX) and glutathione (GSH) were carried out using a Glutathione Assay Kit and a Glutathione Peroxidase Kit (EMD Chemicals) according to published methods (23) . The method is based on catalase reacting with methanol in the presence of H 2 O 2 , resulting in the formation of formaldehyde, which reacts with purpald, resulting in a purple color that is measured spectrophotometrically. The results are expressed as units of catalase activity, where 1 unit is defined as the amount of catalase that will cause the formation of 1.0 nmol formaldehyde per minute. Catalase activity was measured in whole cells or in isolated subcellular fractions including the cytoplasm or mitochondria.
To separate cytoplasm from mitochondria, cells were pelleted and frozen in dry ice. The cells were then rapidly thawed and frozen three times followed by centrifugation for 10 min at 500g to remove nonlysed cells, nuclei and cell debris. The supernatant was then centrifuged for 30 min at 10,000g. The resulting supernatant was confirmed to contain cytoplasm. Mitochondria were localized to the pellet and were confirmed by electron microscopy using published methods (6) . GPX activity was reported as mU where 1 mU 5 1 nmol NADPH/min per mg protein 5 (A 340 /min)/0.00622 as described in the GPX Cellular Assay Kit.
Mouse Lung Irradiation
Female C57BL/6NHsd mice (20-25 g) that were 8-10 weeks old were housed five per cage. Mice were immobilized by Nembutal and irradiated according to published methods (21) with the head and abdomen shielded to achieve a dose of 20 Gy to both lungs.
Intratracheal injection of plasmid liposome complexes, prepared according to published methods, was carried out as described previously (25) .
Mice received intratracheal injection of 100 ml containing 100 mg of mt-Cat-PL, Cat-PL or MnSOD-PL 24 h prior to irradiation. Control mice received empty plasmid liposomes with no vector insert. All animals were monitored for pulmonary toxicity including lethargy, weight loss and dehydration. Moribund or dying mice were euthanized by carbon dioxide inhalation according to institutional IACUC policies. The lungs were expanded with OCT (Optimum Cutting Temperature, ThermoFisher, Waltham, MA), frozen in OCT, sectioned and stained with hematoxylin and eosin. The percentage of the lung displaying organizing alveolitis (fibrosis) was calculated as described previously (21) .
Animal Care
All animal protocols were approved by the University of Pittsburgh Institutional Animal Care and Use Committee. Veterinary care was provided by the Division of Laboratory Animal Research of the University of Pittsburgh.
Statistics
Data from radiation survival curves were analyzed using the linearquadratic and single-hit, multitarget models (6) . A long rank test was used to analyze the data from the in vivo lung irradiation experiments MITOCHONDRIALLY TARGETED CATALASE TRANSGENE PRODUCT IS RADIOPROTECTIVE (21) . A Student's t test was used to determine the significance of differences between groups in the assays for catalase activity, GSH and GPX determination, and JC-1 uptake (23).
RESULTS
Mt-Catalase Transgene Overexpression Confers Radiation Resistance to 32D cl 3 Cells In Vitro
The radiation survival curves for subclonal lines of 32D cl 3 cells expressing mt-Cat or Cat were compared to those of cells of the MnSOD-overexpressing subclonal line 2C6 and the parent cell line 32D cl 3 (Fig. 1) . 32D-mt-Cat cells demonstrated radiation resistance. Cells overexpressing comparable quantities of catalase after transfection with the non-mitochondrially targeted catalase transgene, 32D-Cat, demonstrated less radioresistance. Cells expressing both MnSOD (2C6) and mt-catalase (2C6-mt-Cat) were more radioresistant (Fig. 2, Table 1 ). The radioresistance induced by mt-Cat in 32D-mt-Cat cells was comparable to that in the MnSOD-overexpressing subclonal 2C6 cells (Fig. 2, Table 1 ).
Catalase levels in the clonal cell lines were assayed by biochemical assay (Fig. 3) and by Western blot analysis (Fig. 4) . There was a decrease in catalase in 2C6 cells compared to 32D cl 3 cells (P , 0.001). Western blot analysis demonstrated increased catalase activity relative to control 32D cl 3 cells in both the mt-Cat and Cat transgene-transfected cells. Table 1 . 2C6 cells, which overexpress MnSOD, demonstrated a baseline decrease in catalase activity that was persistent and stable in five separate experiments over 6 months. The catalase activity was increased after transfection of 2C6 cells with the mt-Cat or Cat transgene (Fig. 3A) .
Measurement of Mitochondrially Localized Catalase Transgene Product
Separation of the cytoplasm from the mitochondria demonstrated that cell lines transfected with plasmid containing the control catalase transgene had catalase activity localized to the cytoplasm (Fig. 3B ). In contrast, cells transfected with the mt-catalase transgene plasmid had increased catalase activity localized to the mitochondria (Fig. 3C) . Western blot analysis confirmed the presence of higher levels of transgene protein in whole cell pellets from mt-Cat-or Cat-transfected cells (Fig. 4) .
Mitochondrial Stability is Increased in Cells Lines that Overexpress the Catalase Transgene Product
The baseline JC-1 ratios (nonirradiated time-zero controls) indicated that all the 32D cl 3 subclones including those overexpressing MnSOD (2C6) had mitochondria with greater membrane polarity (DY) than their 32D cl 3 counterparts (P , 0.05) (Fig. 5 ). Soon after irradiation there was a decrease in DY that was significant (P , 0.05) in all cell lines. MnSOD overexpression in 2C6 protected against the initial change in DY. The addition of the transgene for catalase (mitochondrial or cytosolic) to 2C6 cells did not further reduce the rapid radiation-induced decrease in DY at 0.25 and 1 h (Fig. 5B) . At longer times after irradiation (20 to 24 h), the cells that contained mitochondrial catalase (32D-mt-Cat or 2C6-mt-Cat) were better protected against the DY decrease compared to other cell lines (P , 0.05). These data indicate that overexpression of MnSOD is important for mitochondrial stability early after irradiation while mitochondrial catalase is important at later times. Overexpression of both MnSOD and mitochondrially targeted catalase together did not improve radiation protection more than overexpression of either one alone.
Glutathione Peroxidase and Glutathione Levels are Decreased in Antioxidant Transgene-Overexpressing Subclonal Lines
Total antioxidant stores are reflected by the glutathione level within cell packs, and glutathione levels have been demonstrated to decrease after the oxidative stress associated with irradiation of cells in culture (2) . Levels of glutathione (GSH) (Fig. 6 ) and glutathione peroxidase (GPX) (Fig. 7) were stably increased in 2C6, 2C6-mt-Cat, 2C6-Cat, 32D-mt-Cat and 32D-Cat cells compared to the parent 32D cl 3 cells. These results confirm previous results showing increased antioxidant capacity in MnSOD-overexpressing 2C6 cells (2) . Cells overexpressing MnSOD (2C6) had a decrease in GPX levels, while 32D cl 3 cells expressing the mitochondrial or non- Catalase activity was increased in 2C6-Cat and 2C6-mt-Cat cells compared to 2C6 cells (P 5 0.001 and , 0.001). In the cytoplasm (panel B), catalase activity increased in 32D-Cat and 2C6-Cat cells compared to either 32D cl 3 or 2C6 cells (P , 0.001 or 5 0.001, respectively) and decreased in 2C6 cells compared to 32D cl 3 (P , 0.001). In the mitochondria (panel C), catalase activity increased in 32D-mt-Cat and 2C6-mt-Cat cells compared to 32D cl 3 and 2C6 cells (P , 0.001). Mitochondria of 32D cl 3 cells had more catalase activity than mitochondria of 2C6 cells (P , 0.001). Values are means ± SEM. Significance of differences was determined with Student's t test.
localized catalase (32D-m-Cat or 32D-Cat, respectively) demonstrated an increase in GPX activity (Fig. 7) .
Protection of Mouse Lung from Radiation-Induced Damage by Overexpression of Mitochondrially Targeted Catalase
We next determined whether the increased in vitro radioresistance induced in 32D cl 3 cells by transfection with the mt-Cat-plasmid liposome construct was translated to an in vivo radioprotective effect in the mouse lung using an established model of radiation-induced organizing alveolitis (21) . Groups of 20 mice received 100 ml containing 100 mg of mt-Cat-plasmid liposomes, Cat-plasmid liposomes or empty vector-liposomes 24 h prior to whole-lung irradiation with 20 Gy. The C57BL/ 6NHsd mouse model has been shown to be an accurate system for detecting radiation-induced organizing alveolitis/fibrosis at 120-150 days (21). Mice were followed for evidence of pulmonary damage. As shown in Fig. 8 , irradiated control mice demonstrated significant pulmonary toxicity beginning at around day 100, and all mice were dead or required euthanasia by day 150. Mice receiving non-mitochondrially targeted catalase (Cat-PL) showed no significant improvement in survival. Mice receiving MnSOD-PL as a positive control showed a significant increase in survival, confirming prior results (21) . Mice receiving mt-Cat-PL demonstrated a significant increase in survival, with over 70% of mice alive at day 150.
At the time of necropsy, the percentage of the lung showing organizing alveolitis/fibrosis was measured (Fig. 8) . In mice receiving mt-Cat-PL or MnSOD-PL, less organizing alveolitis was seen than in irradiated mice. There were no statistically significant differences between the control irradiated mice and the Cat-PLtreated mice. These data show that expression of the transgene product for mitochondrially targeted catalase was radioprotective when it was administered prior to total-lung irradiation in C57BL/6NHsd mice.
DISCUSSION
The present studies demonstrate that mitochondrial targeting of the antioxidant enzyme catalase had a significant radioprotective effect in vitro and in vivo. This effect was dependent on mitochondrial localization of comparable levels of catalase transferred by a vector that was mitochondrially targeted. In contrast, elevation of catalase levels in the cytoplasm by a non-targeted vector was not radioprotective in vitro or in vivo. Mitochondrially targeted catalase transgene product was confirmed in mitochondria isolated from cells in vitro. These cell lines also demonstrated increased mitochondrial stabilization by a fluorescence assay for JC-1 conversion of dimers to momers. These data add further support to the notion that mitochondrial targeting of an antioxidant enzyme activity in a gene therapy approach to radioprotection is a rational strategy given that oxidative stress at the mitochondrial membrane is involved in radiation-induced apoptosis (6) .
Overexpression of catalase has been shown to decrease oxidative stress from a variety of injuries, including inflammatory cytokine damage, hyperbaric oxygen and aging in long-term marrow culture (26) . The alteration in redox balance that occurs from depletion of antioxidant stores after irradiation or these other forms of oxidative stress may explain in part the success of mtcatalase as a radioprotector (6, 26) .
The present studies revealed that 32D cl 3 mouse hematopoietic progenitor cells overexpressing MnSOD (2C6) (6) have an intrinsic down-regulation of catalase. This result was unexpected since overexpression of MnSOD was predicted to result in further dismutation of superoxide to hydrogen peroxide, providing more hydrogen peroxide in cells and potentially requiring greater catalase levels (27) . The lower levels of catalase in 2C6 cells were not associated with a detectable upregulation of glutathione peroxidase, an enzyme associated with hydrogen peroxide degradation. Other enzyme systems for hydrogen peroxide detoxification may be at work in both 2C6 cells and 32D cl 3 cells, where overexpression of either mt-Cat or Cat by plasmid liposome transfer did result in an increase in catalase activity.
Mitochondrially targeted catalase delivered by plasmid liposomes protected mice against lung damage from ionizing radiation. Whether addition of mt-Cat to MnSOD could provide additive or synergistic radioprotection in vivo (as we detected in vitro) is not known.
The present studies demonstrated that 2C6 cells overexpressing both MnSOD and mt-Cat but not Cat showed further radiation resistance. These data suggest that, when appropriately targeted to the mitochondria, mt-Cat may be an additive radioprotector along with MnSOD. The data do not immediately translate to in vivo radioprotection, because the same cells would have to receive both transgene products. The transfection efficiency of MnSOD-PL has been quantified by an epitope-tagged hemagglutinin-MnSOD construct and is around 60% for pulmonary cells after intratracheal injection (25) . If mt-Cat-PL transfection was of comparable efficiency, then delivery of both plasmids in a single inoculum might result in some but not a majority of pulmonary cells overexpressing both enzymes. Construction of a vector containing both transgenes is in progress to effectively demonstrate a superior protective role of both transgene products in the mitochondria of the same cells in vivo.
The present data add another transgene product to the armamentarium of potential agents for use as Values are means ± SEM from three experiments. * indicates a statistically significant increase in the JC-1 ratio, which indicates better mitochondrial membrane stability compared to 32D cl 3 cells (P , 0.05). # indicates a significantly increased JC-1 ratio (P , 0.05) compared to 32D-Cat and 2C6-Cat cells, respectively, at 24 h after irradiation. Student's t test was used to determine statistical significance.
FIG. 6. Glutathione levels (GSH) in the experimental cell lines.
Values are means ± SEM from four experiments. There was an increase in GSH levels in all transfected cell lines compared to 32D cl 3 cells (Student's t test, P , 0.001 for all cell lines).
FIG. 7.
Glutathione peroxidase (GPX) levels in the experimental cell lines. Values are means ± SEM. There was increased GPX activity in 32D-Cat and 32D-mt-Cat cells compared to 32D cl 3 cells (Student's t test, P 5 0.0002 or P , 0.0001, respectively). In all cell lines overexpressing MnSOD, there was decreased GPX activity compared to 32D cl 3 cells (Student's t test, P , 0.001).
radioprotectors for normal tissues during cancer therapy and potentially also in radiation counterterrorism.
